Evidence has accumulated that T cell-mediated autoimmunity plays an important role in the pathogenesis of viral myocarditis. T (Circulation Research 1990;67:360-367) 
tion develops after a significant decrease in virus titer, it is believed that both immunological mechanisms and the direct cytolytic effects of viruses play an important role in acute viral myocarditis. Recently, animal studiesl-4 have shown that T lymphocytes have an important part in the induction and development of myocarditis. T lymphocytes, which comprise mostly cytotoxic T lymphocytes (CTLs) and T helper cells (Ths), are known to recognize foreign antigens, such as viruses, by their receptors, in association with syngeneic major histocompatibility complex (MHC) antigens on the surfaces of antigen-presenting cells.
The recognition of MHC antigens by CTLs and Ths is said to be restricted by MHC classes (in general, class I for CTLs and class II for Ths). 5, 6 Only a few types of normal cells fail to express MHC class I antigens. In normal human and rat cardiac myocytes, there is little to no expression of MHC class I antigens and no expression of class II antigens.7-9 Recent reports9-11 have demonstrated a massive induction of donor-type MHC class I and II antigens in cardiac myocytes of allografts, indicating that cardiac myocytes may express both classes of MHC antigens. In acute viral myocarditis, persistent inflammation and destruction of cardiac myocytes suggest an interaction between cardiac myocytes and T lymphocytes. Virus-infected myocytes must express MHC antigens on their surfaces to become target cells for T lymphocytes. To our knowledge, no previous reports have demonstrated the expression of MHC antigens by cardiac myocytes in acute viral myocarditis.
The purposes of this study were, first, to examine in vivo the expression of MIC class I and II antigens in C3H/He mouse ventricular myocytes infected with coxsackievirus B3 (CVB3) by immunofluorescence, and second, to confirm that cardiac myocytes themselves express MHC antigens on their surfaces and that this expression is modulated at the transcriptional level. For the second purpose, we induced MHC antigens in cultured ventricular myocytes with interferon gamma (IFN-,y) and examined antigen expression by immunofluorescence and Northern blot hybridization, using an antisense RNA probe for MHC mRNA.
Materials and Methods

Animals
C3H/He male mice, 3-7 weeks old, were purchased from Shizuoka Laboratory Animal Center, Shizuoka, Japan.
Monoclonal Antibodies
As anti-mouse MHC monoclonal antibodies (mAb) for class I antigens, anti-H-2Kk and anti-H-2Dk were used; for class II antigens, anti-Ia" was used (which can detect both I-A" and I-Ek antigens). All were purchased from Meiji Institute of Health Science, Kanagawa, Japan. Anti-Lyt-2 and anti-L3T4 antibodies were obtained from the hybridomas 53-6.7 and GK1.5, respectively. The preparation of anticardiac myosin mAb (CMA19) has been described previously. ' Heart ventricles were aseptically removed from 14-to 16-day-old fetal mice, minced in calcium-free phosphate buffered saline (PBS), and digested with 0.06% trypsin-EDTA in PBS. The isolated cardiac myocytes were washed in DMEM containing 10% fetal bovine serum, dispersed in plastic dishes for 1 hour to separate from the fibroblasts, and then removed to culture flasks and tissue culture chamber slides (Miles Inc., Diagnostics Div., Kankakee, Ill.). They were cultured overnight at 370 C in a humidified 5% C02-95% air incubator and were then divided into two groups, designated A and B. The culture media were replaced with DMEM containing insulintransferrin-sodium selenite media supplement (Sigma Chemical Co., St. Louis, Mo.); then recombinant murine IFN-y13 (Shionogi & Co., Ltd., Osaka, Japan) was added to group B to a concentration of 100 units/ml. The cardiac myocytes, after 48 hours and after 4 days under these conditions, were used for Northern blot hybridization and immunocytochemical study, respectively.
We also cultured the remaining fibroblasts for 1 week after separation from myocytes. They were divided into control and IFN-treated groups and were used for Northern blot hybridization after 48 hours of culture.
Immunohistochemical Study
The titers of anti-MHC mAb were tested using spleen tissue. Freshly dissected ventricles were frozen in OCT compound (Miles) way as the H-2Kb probe. This probe hybridizes with both muscle a-actin and nonmuscle ,B-actin messenger RNAs (mRNAs).
Northem Blot Hybridization
Total cytoplasmic RNA was prepared from cardiac myocytes and fibroblasts by a method previously described. 16 In both the control and the IFN-treated groups, 20 ,ug of cytoplasmic RNA from cardiac myocytes and 6.8 ,ug from fibroblasts, which was considered to be the level of contamination, were subjected to formaldehyde-agarose gel electrophoresis and transferred to a nylon membrane. After it was dried in vacuum for 1 hour at 800 C, the nylon membrane was prehybridized in a solution containing salmon sperm DNA (200 ,ug/ml) for 4 hours at 65°C, then hybridized with the "P-labeled H-2Kb antisense RNA probe overnight at 65°C. After the nylon membrane was washed, it was autoradiographed for 4 hours at -70°C.
To confirm that equivalent amounts of RNA from the control and the IFN-treated groups were loaded onto the gel, hybridization with the a-actin probe was also performed in the same way.
Results
In Vivo Studies
Expression of major histocompatibility complex class I and II antigens in ventricular tissues. There was no staining of MHC class I (H-2Kk, H-2Dk) and class II (1ak) antigens in normal ventricular tissues, including sarcolemma, intercalated disks, and capillary endothelial cells ( Figures 1A, 1E , and 1G). Until day 3 after virus inoculation, there was also no staining of MHC class I and II antigens and no cell infiltration. On days 4 to 5, clear expression of MHC class I (H-2Kk) antigen appeared on sarcolemma of myocytes, and massive cell infiltrations were also seen focally scattered over the myocardium. Nonuniform expression of H-2Kk antigen, which reached a maximum level around day 7 and continued for 3-4 weeks after virus inoculation, was seen over the myocardium and around the areas of cell infiltration ( Figure 1B ) or adjacent to them in serial sections ( Figure 1C) . However, low or undetectable levels of MHC class II (Ia") or H-2Dk antigen were seen on sarcolemma of myocytes throughout the course (Figures 1F and 1H ). For capillary endothelial cells, moderate focal expression of both MHC class I (H-2K", H-2Dk) and class II (Iak) antigens was detected around day 7 ( Figure 1D ). The time course of the expression of MHC antigens in ventricular tissues is summarized in Table 1 .
In Vitro Studies
Expression of major histocompatibility complex class I (H-2K") antigen in cultured ventricular myocytes. For H-2Dk and lak antigens, after treatment with IFN-y, very slight to no expression of H-2Dk antigen and weak to moderate expression of lak antigen were induced in ventricular myocytes (data not shown).
Flow cytometric analysis of ventricular myocytes after 48 hours of culture revealed two populations differing in the levels of myosin heavy chain in both control and IFN-treated groups. Cells of populations 1 and 2 expressed lower and higher levels of myosin heavy chain and were considered to be fibroblasts and myocytes, respectively. Population 1 cells expressed moderate levels of H-2Kk antigen, and their levels were slightly increased by IFN treatment. In contrast, population 2 cells expressed very low levels of H-2Kk antigen, and their levels were markedly increased by IFN treatment (data not shown).
Modulation of expression of major histocompatibility complex mRNA in ventricular myocytes. The immunocytochemical study showed that ventricular myocytes could express MHC class I (H-2Kk) antigen at levels that were significantly increased by treatment with IFN-y. To confirm their expression at the transcriptional level, we performed Northern blot hybridization analysis using a 32P-labeled H-2Kb antisense RNA probe, which may hybridize with all of the MHC class I-and class Il-like transcripts. Figure 3 shows the results of Northern blot hybridization analysis of the ventricular myocytes and the fibroblasts exposed to a serum-free medium alone or to a medium containing IFN-y (100 units/ml) for 48 hours. Figure 3A shows the levels of actin mRNA both for ventricular myocytes (lanes 1 and 2) and fibroblasts (lanes 3 and 4) as internal standard. This confirmed that equivalent amounts of RNA were prepared from the control and the IFN-treated groups of both the ventricular myocytes and the fibroblasts. Figure 3B shows the levels of MHC mRNA. The bands observed in lanes 3 and 4 show the levels of contamination by fibroblasts in the control and the IFN-treated groups, respectively.
Undetectable levels of MHC mRNA were found in the control group (lane 3), and significant levels were induced by treatment with IFN-y (lane 4) . Even considering the levels of contamination, ventricular myocytes in the control group expressed only low levels of MHC mRNA (lane 1), and those levels were markedly increased by treatment with IFN-,y (lane 2).
Discussion
In this study, we have clearly demonstrated that in acute viral myocarditis caused by CVB3, MHC class I (H-2Kk) antigens were strongly induced in cardiac myocytes, whereas low or undetectable levels of MHC class II (Iak) or H-2Dk antigens were observed. We used splenic tissue samples as positive controls and confirmed that the potential of the mAbs to recognize the determinants of H-2Dk and Iak antigens could not be modified with acetone fixation (data not shown). However, we could not exclude the possibility that there was a low level of expression of H-2Dk antigen below the limit of sensitivity of the immunofluorescence technique.
Recent studies7,17 have revealed that a few types of nucleated cells express only weak or undetectable levels of MHC class I antigens. These cells include endocrine cells in the thyroid, parathyroid, and pituitary glands, and pancreas as well as spermatozoa, Leidig cells, fetal amnion epithelial cells, and fetal trophoblasts, which are related to the reproduction process. They also include neurons in the brain and skeletal and cardiac myocytes. The suppression of MHC antigens can be considered a means of protecting these cells against T cell-mediated immunological surveillance. It has been recently demonstrated that in some of these cells, such as neurons and amnion epithelial cells, the expression of MHC class I antigens can be induced by IFN.18-21 This indicates that the expression of MHC antigens in these cells is under regulatory control rather than being genetically defected. Many human tumors, such as small cell lung carcinoma and neuroblastoma, are known to express greatly reduced levels of MHC class I antigens. 22 The suppression of class I antigens in these cells, which enables them to escape immune detection, appears to correlate with their rapid growth and metastasis. Ono et a123 showed that MHC class I antigens were strongly expressed in pancreatic islet cells of newly diabetic Bio-Breeding rat, which is an animal model of spontaneous insulin-dependent diabetes mellitus. These authors demonstrated that inflammatory infiltrations were always present adjacent to islet cells exhibiting enhanced class I antigen expression. They further suggested that inflammatory cells might induce the enhanced expression of class I with an antibody for cardiac myosin heavy chain and labeled with phycoerythrin, corresponding to panels A and B, respectively (x200). Most of the cells reacted in both groups, indicating that they were cardiac myocytes.
antigens in islet cells via cytokines and facilitate the recognition of target cells by CTL.
For cardiac myocytes, several studies9-11 on transplanted cardiac muscles showed that high levels of MHC class I and II antigens were expressed in cardiac myocytes and endothelial cells just before episodes of histological rejection. Our data strongly suggest that MHC class I (H-2Kk) 
